A sonic method as a. tool for detecting and describing preferred crystallographic orientation has been proposed by Bennett (1972) . The Q ellipsoid is a theoretical surface whose magnitude for any direction is the sum of the squares of the three seismic wave phase veIocities for that direction. The orientation of the ellipsoid relative to the sample is controlled by crystal orientation and structural effects of the sample. For completely isotropic samples the Q surface is a sphere; for anisotropic samples the Q surface is ellipsoidal. Sample homogeneity is testable by the closeness of fit of the velocity data. to the ellipsoidal surface. In this respect, crystal aggregates can be considered to behave as elastic long-wave equivalents to single crystals. The baraboo quartzite, a Grenville marble, and a. plastically deformed granite boulder are analyzed according to the Q ellipsoid technique. Optical analysis is performed on the quartzite and marble. The oriented Optical indicatrixes for the individually measured crystals are summed, an ellipsoidal surface characterizing the preferred crystal orientation direction of the sample thus being produced. For the quartzite, which is nearly isotropic, the optical surface and the sonic surface closely coincide. This situation is evidence that the sonic orientation accurately reflects the subtle crystallographic orientation. The marble displays a strong crystallographic orientation. as well as a pronounced micaceous layering. The orientation of the Q ellipsoid reflects the net effect of this structural fabric and the crystallographic fabric. The granitic boulder was plastically deformed into an ellipsoidal shape. The shape axes and the Q ellipsoid axes closely coincide, the indication being that the Q ellipsoid technique may be useful in describing regional tectonic forces. DECEMBER 10, 1973 The concept of the Q ellipsoid as a tool for detecting and describing preferred crystallographic orientations has been developed by Bennett [1972] . The purpose of this paper is to test this seismic model with empirical data gathered from several rock types
The Q ellipsoid is a theoretical surface whose value for any particular direction is the sum of the squares of the three seismic wave type phase velocities in that direction. It has been proved that the principal axes of the Q ellipsoid always coincide with the optical indicatrix axes for a single crystal in the cubic through orthorhombic systems [Bennett, 1972] . For cubic crystals the Q surface reduces to a sphere. For uniaxial crystals the Q surface is an ellipsoid of revolution, and for biaxial crystals the Q surface is a triaxial ellipsoid.
If a crystal aggregate is considered as an elastic long-wave equivalent to a single crystal, then the locus of values, of which each value is the sum of the squares of the three seismic wave velocities for any particular direction, should be represented by an ellipsoidal Copyright © 1973 by the American Geophysical Union. surface; i.e., the material behaves as a homogeneous pseudosingle crystal. Further, the principal axes of this ellipsoid would be controlled by preferred crystallographic" orientation and structural effects within the rock material [Bennett, 1972] . Thus, if the Q surface is ellipsoidal. then (1) the material is homogeneous and anisotropic, (2) the principal anisotropic directions are described by the ellipsoid principal axes, and (3) the percent difference between the ellipsoid principal axes is a measure of the degree of elastic anisotropy, which is controlled by anisotropic crystal orientation and structural effects. ,
The concept of the Q ellipsoid need not be restricted to rock materials of a single phase. Indeed an advantage of the Q ellipsoid concept is that a multiphase material can be treated as a pseudosingle crystal in terms of elastic behavior and crystallographic orientation.
It should be pointed out that the P wave velocity surface (also the S, and S. surfaces)
need not conform to any simple geometric shape. For rock materials the three velocity surfaces could be controlled primarily by structural effects. such as microfractures, and ap-pear to be unrelated to any preferred crystal orientation within the material. This condition may be more noticeable where orientations are weak and contribute less to the anisotropy. Also, since the P wave or 8 wave velocity surfaces may be quite complex in shape, the maximum value chosen from just a few measurements may not be the true velocity surface maximum.
MODEL
The calculated value Q.' of the Q ellipsoid for the ith direction is given by
where p is the material density, V1 is the P wave velocity in the ith direction, and V, and V, are the velocities of the two orthogonally polarized shear waves for the ith direction [Bennett, 1972] . By defining a polarization plane as the plane that contains the propagation direction and shear wave particle motion, it can be stated that the two polarization planes are nearly orthogonal for any propagation direction. Thus the values of V, and V. can usually be measured uttambiguously for any 'particular direction [Tilmann and Bennett, 1973] . Since the density tetm is constant, it may be incorporated into the Q.' term without affecting the shape or the orientation of the Q ellipsoid. Thus the calculated value of the Q ellipsoid in the ith direction will be. referred to as Q,.
' The least squares value 01.3, of the Q ellipsoid for the ith direction is given by ' 2 2 2 QLS.' = It an "l" m,-aza + 7h 033
( 2) where (ll, mi, 12.) are the directional cosines of the. ith direction relative to any orthogonal set of axes 2:, y, and 2. In practice the 1:, y, and z axes are conveniently chosen relative to the sample being analyzed. The or terms are the elements of a 3 X 3 symmetric ellipsoid matrix.
The elements of the a matrix are determined by the least squares method outlined by Nye [1957] . This procedure is based on the matrix equation relating the Q. values to the directional cosine matrix 0 and the a matrix by
Q=9a
(3)
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The Q matrix elements are the measured Q( values from (1). The 0 matrix is constructed by using the l, m, and n coefficients of (2). The a matrix is then determined by solving (3) for a, resulting in
This is the computational form for determining the a matrix. (See Nye [1957, pp. 164-165] for a more complete treatment of this procedure.)
The principal axes of the Q ellipsoid are found by the successive approximation method [Nye, 1957] . The procedure entails successive relocation of a vector normal to the surface of the ellipsoid until it corresponds to the minor axis. By inverting the a matrix the major axis is similarly located. The intermediate axis is the cross product of the major and minor axes. By using these directional cosines of the major, minor, and then intermediate axes in (2), the magnitude of these axes is easily determined.
(Also see Nye [1957, pp. 165-168] 
where Q,-is the measured ellipsoidal value in the ith direction (1), Q; is the arithmetic mean measured value, and n is the number of propagation directions i measured; second, 0;. = [:2 (01.3. -est/n] (6) where Q", is the calculated ellipsoidal value (2) in the ith direction; and, third,
The standard deviation 0: can be thought of as the deviation of the measured ellipsoidal values from the best-fit sphere to the measured values, 0;. is the deviation of the calculated ellipsoidal values from the best-fit sphere, and a, is the deviation between the measured and the calculated ellipsoidal values. If all the data points fall exactly on the ellipsoidal surface, then a, = 0, and 0;, = a; Sample homogeneity and elastic behavior as a pseudosingle crystal are indicated by the relationship era-20;.>a.
Sample inhomogeneity is indicated by the relationship 6: > a. > 6;.
The inhomogeneity may be in the form of variance of the preferred crystal orientation within the sample or irregular compositional or structural differences within the sample. Inhomogeneity is not consistent with the concept of elastic behavior as a pseudosingle crystal.
TEST
The baraboo quartzite, a Grenville marble, and a plastically deformed granitic boulder were analyzed according to the Q ellipsoid technique. The measuring apparatus used for determining the elastic velocities is described by Tilmann and Bennett [1973] . In addition, optical petrofabric analyses were performed on the quartzite and marble.
The quartzite is an essentially pure quartz rock that has undergone slight metamorphism. In hand sample and thin section, no obvious structure was observed that would influence the elastic anisotropy. The marble comprises calcite and a well-defined micaceous layering. The granite boulder has been plastically deformed during metamorphism. The shape of the boulder is roughly that of a triaxial ellipsoid, with the minor axis normal to the plane of outcrop foliation. Baraboo quartzite. The results of the optical petrofabric analysis on the quartzite are presented in Figure 1 . This diagram is an equalarea projection of the measured quartz c axes. This projection was not contoured in order to emphasize the diffuse nature of the orientation. The oriented optical indicatrixes of the individually measured crystals were summed in order to produce an ellipsoid analogous to an optical indicatrix surface. This ellipsoidal surface provides a convenient parameter that describes the preferred crystallographic orientation. The magnitude and directional cosines of the ellipsoidal axes are listed in Table l and are shown in Figure l .
The three velocity measurements V1, V3, and V., which are referred to as a data set, were taken over nine directions. Each data set was replicated 4 times for each direction, the result being 36 data sets. The order in which the data sets were measured was randomized. The Q,-values from these data sets were determined according to (1) and are listed in Table 2 . The mean velocities for each direction (Table 3) Table 4 in the section on quartzite. The plot of these axes is shown in Figure 1 . The mean Q,-values with their respective Q", values are listed in Table 5. This   table also [Turner and Weiss, 1963] . The observed micaceous layering is in the N-S vertical plane. The c axes were space-averaged ( 59:501 marble), and the axes of the optical indicatrix type surface are plotted in Figure 2 . Twelve velocity measurements in nine independent directions were taken, and the Q,-values were calculated (Table 2) . From the mean velocities (Table 3 ) the Q ellipsoid was determined. The directional cosines and the magnitudes of the ellipsoidal axes are listed in Table 4 in the motion on marble. The plot of these axes is shown in Figure 2 . The Q. and Q", values were derived as 0:, 0;" and a. were and are listed in Table 5 . The observed maximum P wave velocity is shown in Figure 2 .
Granite boulder. Velocity measurements of the granite were used to compute the Q,-values (Table 2 , section on granite). From the mean velocities (Table 3 ) the Q ellipsoid was determined (Table 4 , section on granite). The axes of the Q ellipsoid are plotted in Figure 3 . The Q,-and Q", values, along with 0:, 0;" and c,, are listed in Table 5 . The observed maximum P wave velocity is plotted in Figure 3 . The orientation of the Q ellipsoid relative to the boulder shape is shown in Figure 3 . The axes orientation of the shape ellimoid was measured to an estimated accuracy of 110°.
It should be pointed out that for single crystals of quartz and calcite the representative optic and sonic surfaces are opposite in sign. Therefore in crystal aggregates a maximum optic axis might reasonably correspond to a minimum sonic axis.
CONCLUsIONs
For all samples investigated the calculated Qt values for each direction display an F value significant at the 0.01 confidence level (Table  2 ). This indicates that the quartzite, marble, 8467 and granite are seismically anisotropic. The sum of the squares of the three seismic wave type velocities over the nine measured directions describes an ellipsoidal surface and satisfies the conditions of equation 8 (Table 5) . Thus the seismic anisotropy of the samples observed in Table 2 results from the behavior of the polycrystalline material as an elastic long-wave equivalent to a single crystal.
For the baraboo quartzite the Q ellipsoid axes and the optical indicatrix type surface axes closely coincide. The maximum angular separation between the principal axes of the two surfaces is 11°or less ( Table 6 ). The optical surface is nearly spherical, the major and minor axes differing in magnitude by only 0.4%, compared with a difference of 2.2% in a single -a.us " ' .
a. -1.028 I A Fig. 2 . Equal-area projection of 100 calcite c axes for the Grenville marble contoured by the Mellis method at intervals of l, 2, 3, and 4% of the axes per 1% area. Stipled areas denote 3% concentrations. Hatchured areas denote greater than 4% concentrations per 1% area. Micaeeous layering is in the N-S vertical plane. The observed maximum P wave velocity, optical surface, and Q ellipsoid principal axes are also plotted, M, m, and I being the major, minor, and intermediate axes, respectively, of the ellipsoidal surfaces. Location of the sonic minor axis is the nesult of interaction between the structural fabric and the crystallographic fabric.
Boulder Granite asaonm o: shape X a VP I" Fig. 3 . Projection of the Q ellipsoid and shape ellipsoid principal axes for the plastically deformed granitic boulder. The observed maximum P wave velocity is also shown. Close coincidence between the ellipsoidal axes indicates that the Q ellipsoid technique may be useful in describing regional tectonic forces. quartz crystal. The near sphericity indicates a weak preferred crystallographic orientation. Statistical analysis of the scatter diagram of Figure 1 yields a correlation coefficient of r = 0.103 [Chayes, 1949] . Therefore the degree of orientation, as displayed in Figure l , is not significant at the 0.05 confidence level (rm : 0.200). It is interesting to note that the calculated correlation coefficient is significant at the 0.10 confidence level (r.no = 0.100). The magnitudes between the major and the minor sonic Q ellipsoid axes differ by 10%, compared with a difference of 18% for a single quartz crystal. We conclude from the study on this sample that the Q ellipsoid method readily detects preferred crystal orientations. The close coincidence between the sonic and the optical surface axes in this nearly Optically isotropic sample is strong evidence that the sonic orientation accurately reflects subtle fabric orientation.
The Grenville marble produces a Q ellipsoid whose principal axes describe the effects of structural and crystal fabric. To a first approxi-TILMANN AND BENNE'I'I'I SONIC PETROGRAPHIC ANALYSIS mation this sample behaves as a layered material, the minimum velocities being normal to the micaceous layering [Postma, 1955] . This structural fabric would tend to locate the minor sonic axis at the west pole of Figure 2 . The major optical surface axis corresponds to the minor sonic axis (Table 6 ). Thus the crystal fabric would tend to locate the minor sonic axis coincident with the major Optical surface axis. Interaction of these two fabrics would place the minor sonic axis between the west pole and the major optical surface axis. Therefore the observed location of the minor Q ellipsoid axis is as expected (Figure 2) . The Q ellipsoid axes differ by 27%, compared with 39% for a single calcite crystal, a rather strongly anisotropic material being indicated.
The principal shape axes and the Q ellipsoid axes of the granite boulder closely coincide (Figure 3 ). The multiphase granite behaves homogeneously as a pseudosingle crystal oriented in response to plastic deformation. Thus the Q ellipsoid technique may be useful in detecting and describing regional tectonic forces.
For quartzite, marble, and granite the angles between the Q ellipsoid maximum axis and the observed maximum P wave velocity are 36°, 9°, and 45°, respectively (Table 3 and Table 4 ). For quartzite and marble the P wave velocity measured in the direction nearly coincident with the maximum Q ellipsoid axis was not the observed maximum P wave velocity. Thus the direction of the observed V, .m has not been a reliable indicator of the Q ellipsoid major principal axis. Indeed it is conceivable that the P wave could indicate sample isotropy, whereas the Q ellipsoid indicates seismic anisotropy [Bennett, 1972] . Therefore the use of the P wave velocity surface to determine preferred The results of this study lead us to conclude that (1) the elastic behavior of these rock materials is testable and is shown to be that of a homogeneous pseudosingle crystal, (2) in the samples studied the. orientation of the sonic Q ellipsoid is controlled by preferred crystallographic orientations of the materials and by structural effects, (3) weakly preferred orientations are readily observable with the Q ellipsoid method, (4) the sonic Q ellipsoid technique is equally valid for single-phase or multiphase materials. and (5) the P wave velocity surface is not necessarily a reliable indicator of principal anisotropic directions.
